Monoclonal antibodies (MAbs) directed against epitopes in the oligosaccharide portion of the lipooligosaccharide (LOS) of nontypable Haemophilus influenzae (NTHI) were used to characterize the LOS of this pathogen. Western blot (immunoblot) analysis with four LOS-specific MAbs and proteinase K-derived LOS preparations from 69 NTHI strains allowed the classification of these strains into nine LOS antigenic groups. The use of these MAbs in a more sensitive colony blot radioimmunoassay system together with these same NTHI strains identified 14 LOS antigenic groups. Extensive cross-reactivity was detected between the LOS epitopes of these NTHI strains and the LOS of H. influenzae type b. The epitopes recognized by these MAbs were not accessible to antibody on the surface of every strain. These LOS epitopes were also not stably expressed by NTHI growing in vitro; the observed frequency of LOS antigen variation ranged from 1 to 24% when large numbers of colonies of NTHI strains were screened for reactivity with the LOS-directed MAbs in the colony blot radioimmunoassay. This LOS antigenic variation was sometimes associated with alterations in the profile of the LOS molecule as resolved by sodium dodecyl sulfate-polyacrylamide gradient gel electrophoresis followed by staining with silver. These data indicate that considerable antigenic diversity exists among NTHI strains with regard to the oligosaccharide epitopes in their LOS molecules.
Nontypable Haemophilus influenzae (NTHI) is being increasingly recognized as an important bacterial pathogen. It has been well established that this organism is second only to the pneumococcus as an etiologic agent of bacterial otitis media in infants and young children (30) , and this organism is now known to cause sinusitis, bronchopneumonia, and bronchietasis in the pediatric population (32, 45, 52) . NTHI also has been shown to cause bacteremia and possibly arthritis in neonates (9, 14, 26) . Only in the past few years, however, has NTHI been shown to be a significant cause of serious illness in adults. Several recent studies have indicated that NTHI is an important cause of nonbacteremic pneumonia in elderly or debilitated persons (5, 39) and that NTHI is a major cause of invasive Haemophilus disease in adults (47, 53, 54) .
The emergence of NTHI as a major pathogen has given impetus to efforts to identify factors associated with the pathogenicity and immunogenicity of this microorganism. The absence of a polysaccharide capsule on NTHI indicates that surface-exposed components of the NTHI outer membrane have the potential to interact directly with the host both in an active manner, as virulence factors, and in a passive fashion, as targets for antibodies which might be protective against NTHI disease. The major constituents of the NTHI outer membrane are proteins and lipooligosaccharide (LOS). NTHI strains exhibit considerable diversity in their content of outer membrane proteins when these macromolecules are analyzed by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) (4, 31, 35) and characterized with serological techniques (33) . In contrast, relatively little is known about NTHI LOS except that, like the LOS of Neisseria gonorrhoeae (44) , N. meningitidis (50) , Bordetella pertussis (42) , and H. influenzae type b (Hib) (8, 22) , NTHI LOS appears to have no 0-antigen repeat unit but consists of a lipid A moiety covalently coupled to a structure equivalent to the core oligosaccharide of enteric lipopolysaccharide molecules (24) . Although the LOS of Hib has been well characterized both biochemically and antigenically (1, 2, 8, 24, 41) and has been implicated in the expression of virulence by this encapsulated pathogen (12, 28, 55) , a paucity of similar data concerning NTHI LOS has hindered evaluation of the role of this amphipathic molecule as either a possible virulence factor for NTHI or a target for protective antibodies. Characterization of the antigenic properties of NTHI LOS should facilitate further investigation of the involvement of these LOS molecules in both virulence and immunity. We utilized monoclonal antibody (MAb) technology to characterize NTHI LOS and determined that (i) significant antigenic heterogeneity exists among strains of NTHI with regard to epitopes in the oligosaccharide region of their LOS molecules, (ii) significant commonality or cross-reactivity exists between the LOS of NTHI and that of Hib, (iii) the extent of surface exposure of a given LOS epitope can vary among strains of this pathogen, and (iv) these LOS epitopes are not stably expressed by NTHI (15, 16) .
All strains were grown on brain heart infusion medium supplemented with Levinthal base (BHIs) as described previously (17) . NTHI strains were screened upon receipt for lack of reactivity with type-specific rabbit antisera to H. influenzae serotypes a through f (Burroughs-Wellcome Co., Research Triangle, N.C.) in slide agglutination tests.
MAbs. Lymphocyte hybridomas secreting MAbs were produced by standard methods used routinely in this laboratory (43) . Briefly, spleen cells from mice immunized with viable cells of NTHI strains AT200, BI104, TN100, TN103, BF103, and TN104 were fused with SP2/0-Agl4 plasmacytoma cells, and the resultant hybridomas were screened for production of MAbs reactive with the LOS of the homologous NTHI strain in a Western blot (immunoblot) system as described below. MAbs directed against surface-exposed epitopes of NTHI LOS were identified through the use of the indirect antibody accessibility radioimmunoassay (RIA) (28) . MAbs 12D9 and 4C4, which were raised against LOS of Hib strains, have been described in detail (16) . All MAbs were used in the form of hybridoma culture supernatant fluids (43) . MAbs 3D9 and 17E12 were raised against NTHI LOS, as described in Results.
Colony blot RIA. The colony blot RIA described by Gulig et al. (16) (17) , and the amount of radioactivity (counts per minute of the radioiodinated probe) bound to the cells was determined in a gamma counter. A positive reaction (surface exposure of the epitope) was indicated by VOL. 55, 1987 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from counts per minute at least sevenfold greater than that obtained with negative controls (NTHI strains lacking the epitope reactive with that MAb).
The indirect antibody accessibility RIA was also used to investigate the antigenic specificity of certain MAbs (3D9 and 17E12). Various amounts of purified LOS from strain BI104 and oligosaccharide prepared from this LOS were incubated with 25 ,ul of the LOS-directed MAbs and 300 jxl of PBS-FCS for 1 h at room temperature. These mixtures were then used directly in the antibody accessibility RIA, with these preparations serving as the source of antibody as described previously (16) .
Purification of LOS. LOS was purified from NTHI strain B1104 by the phenol-chloroform-petroleum ether method of Galanos et al. (10) . The purity of this LOS preparation was assessed by SDS-PAGGE followed by the use of the silver stain and Western blot techniques. LOS-derived oligosaccharide was prepared by treatment of the purified LOS with 1% acetic acid at 100°C for 1 h. Unhydrolyzed LOS and lipid A were removed by differential centrifugation, and the supernatant fluid containing the oligosaccharide was neutralized with 1 N NaOH (2). The quantity of oligosaccharide in this preparation was measured by the phenol-sulfuric acid method (7), using glucose as the standard. LOS purified from Hib strain DL42 (16) was employed as a negative control in certain experiments.
Immune electron microscopy. Visualization of immune complexes on NTHI cell surfaces was performed as described previously (21) . Briefly, NTHI cells freshly grown on solid medium were suspended to a density of approximately 109 CFU/ml in PBS-FCS, pelleted by centrifugation, and suspended in PBS-FCS. A 0.25-ml portion of the suspended cells was mixed with 1.0 ml of MAb and was rotated at 4°C for 60 min. After three washes in PBS-FCS, the cells were suspended in PBS-FCS (1.0 ml), and a suspension of staphylococcal protein A-colloidal gold particles (11) was added such that the color of the final mixture was light pink. This suspension was rotated at 4°C for 120 min, after which the cells were washed three times in PBS-FCS, once in PBS, and finally suspended in PBS (0.5 ml). Formaldehyde was added to a final concentration of 1.2%; after 10 min, the cells were applied to carbon-coated grids (10 to 15 RI per grid).
Excess liquid was removed with a wedge of filter paper, and a drop of 2% (wt/vol) neutral aqueous phosphotungstic acid was applied to each grid. The phosphotungstic acid was removed with a wedge of filter paper, and a drop of distilled H20 was applied to each grid and then removed. The grids were examined in a Philips 301 electron microscope at 60 kV accelerating voltage and photographed at a magnification of x 34,000. RESULTS Characterization of MAbs. Six different NTHI strains were used to immunize mice for subsequent use in hybridoma production. Plasma cell hybridomas secreting MAbs reactive with the LOS of the homologous immunizing strain of NTHI were identified in Western blot analysis. The numbers of hybridomas producing NTHI LOS-specific MAbs obtained with each different NTHI strain were as follows: AT200, 13; B1104, 17; TN100, 11; TN103, 10; BF103, 14; and TN104, 6.
Preliminary screening of these 71 MAbs against 25 NTHI strains in the colony blot RIA system showed that these MAbs could be divided into four different reactivity groups. against strain AT200), reacted with a majority (67%) of NTHI strains. The second group of MAbs, as exemplified by MAb 17E12 (raised against strain B1104), recognized 37% of these NTHI strains. Two LOS-specific MAbs (4C4 and 12D9) raised against Hib LOS (16) were also included in this screening system. The third group of NTHI-directed MAbs reacted with 55% of the NTHI strains and had a reactivity pattern identical to that of MAb 4C4 with these NTHI strains. The fourth group of NTHI LOS-directed MAbs recognized 62% of these NTHI strains in a pattern identical to that obtained with MAb 12D9. None of the 71 MAbs was strain specific.
MAbs 12D9 and 4C4 have been shown to be directed against epitopes in the oligosaccharide of Hib LOS (16); therefore these two well-characterized MAbs were used in place of the NTHI-raised MAbs with identical strain reactivity patterns. The antigenic specificity of MAbs 3D9 and 17E12 was investigated first by examining whether NTHI LOS-derived oligosaccharide exerted an inhibitory effect on the binding of these MAbs to whole cells of the homologous NTHI strain in the antibody accessibility RIA. Both of these MAbs reacted with NTHI strain BI104 in the colony blot RIA, and thus LOS was purified from this NTHI strain. Acetic acid was used to hydrolyze this LOS into its lipid A and oligosaccharide constituents, and the purified oligosaccharide was incubated with these MAbs before their use in the antibody accessibility RIA. Both the purified B1104 LOS and the oligosaccharide derived from the BI104 LOS inhibited the binding of MAb 17E12 to its homologous target strain (BI104) (Fig. 1) . This oligosaccharide preparation did not inhibit the binding of a Hib LOS-directed MAb to its homologous Hib strain, thus indicating that the inhibitory effect of this preparation on the binding of MAb 17E12 was antigen specific (data not shown). The binding of MAb 3D9 to whole cells of its homologous strain (AT200) was similarly inhibited by the BI104 core oligosaccharide (data not shown).
SDS-PAGGE and Western blot analyses were used to confirm that these NTHI LOS-directed MAbs bound to epitopes in the oligosaccharide region of NTHI LOS and that (Fig. 2) , whereas no reactivity was evident in the lane which contained the oligosaccharide 3D9-12D9-17E12-) comprised the majority (58 of 69; 84%) of these NTHI strains. In contrast, four of the remaining five LOS antigenic groups had at most two strains each. Figure 3 depicts the Western blot results obtained when LOS preparations from representative strains from each of the nine LOS antigenic groups were probed with the four different MAbs. Figure 4 contains a gel in which these same proteinase K-derived LOS preparations were resolved by SDS-PAGGE and stained with silver. A significant degree of microheterogeneity was observed among the different antigenic types of LOS, but there was no obvious correlation between the banding patterns and mobility characteristics and the nine antigenic groups described above.
These same 69 NTHI strains were also analyzed in the (51) . Lanes are as in Fig. 3. colony blot RIA. It has previously been shown that some H. influenzae strains whose LOS fails to bind a particular MAb in Western blot analysis will bind this same MAb in both the colony blot RIA and the antibody accessibility RIA (28) . The colony blot RIA showed more extensive reactivity of the four MAbs with these NTHI strains, such that 64 (93%) of the NTHI strains bound one or more of these antibodies. This expanded reactivity also resulted in different MAb reactivity patterns for some of the strains, such that the 69 strains could be divided into 14 LOS antigenic groups (Table  2) . Again, a majority of these strains (52 of 69; 75%) were divided among only a few (five) LOS antigenic groups, with six other LOS antigenic groups having only one strain each.
Antigenic cross-reactivity between NTHI LOS and Hib LOS. The MAbs originally raised against Hib LOS, 12D9 and 4C4, reacted with 43 of 69 (62%) and 38 of 69 (55%) NTHI strains, respectively, in the colony blot RIA. This finding suggested extensive sharing or cross-reactivity of LOS epitopes between Hib and NTHI. Probing of 30 Hib strains with MAbs 3D9 and 17E12 in the colony blot RIA reinforced this impression in that 9 of 30 (30%) of these Hib strains reacted with each of these MAbs originally raised against NTHI LOS.
Surface exposure of NTHI LOS epitopes. Each of the four LOS-directed MAbs employed in the preceding experiments bound to a cell surface-exposed LOS epitope on the homologous NTHI or Hib strain. However, both Western blot analysis and the colony blot RIA system detect antigenic reactivity involving both surface-exposed epitopes as well as those epitopes which are buried in the cell envelope in whole H. influenzae cells (15) . For this reason, a different type of RIA was used to determine whether the LOS epitopes recognized by these MAbs in the two preceding test systems were actually exposed on the surface of every NTHI strain and accessible to antibody.
The indirect antibody accessibility RIA procedure uses whole NTHI cells to measure binding of an antibody to epitopes exposed on the bacterial cell surface. Each of the four MAbs was used in this procedure together with 10 strains reactive with each MAb in the colony blot RIA system. MAb 17E12, originally raised against strain B1104, bound to the surface of this strain and to two other NTHI strains (Table 3) . MAb 3D9 bound to the surface of its homologous parent strain (AT200) and to five other NTHI strains. MAb 4C4 bound to the surface of five NTHI strains, as did MAb 12D9.
Immune electron microscopy was used to confirm the surface exposure of LOS epitopes in strains which were positive for antibody binding in the antibody accessibility RIA. Figure 5 shows two different NTHI strains which were incubated with MAb 17E12 followed by exposure to protein A-colloidal gold to detect surface-bound immunoglobulin G antibodies (16, 21 (Table 3) , also bound this MAb to its surface in this immune electron microscopy procedure, as evidenced by the electron-dense gold particles covering the surface of these cells (Fig. SB3) . In contrast, strain TN100, which was reactive with this MAb in the colony blot RIA (Table 2 ) but which did not bind this antibody in the antibody accessibility RIA (Table 3) , also did not bind this MAb in this other system, as indicated by the lack of colloidal gold particles on the TN100 cells (Fig. 5A) .
Stability of LOS expression. Two different methods were employed to determine whether the LOS epitopes recognized by the four MAbs were stably expressed by NTHI. The first experiment involved 10 strains of NTHI which were passaged in vitro five times by the single colony isolation method. Colony blots prepared from the original strains at the beginning of this experiment and from the strains obtained after in vitro passage were probed with MAbs 4C4, 3D9, 12D9, and 17E12. Of 10 strains, 9 had identical colony blot reactivities before and after in vitro passage, whereas 1 strain (BI104), which was originally 4C4-3D9+ 12D9+ 17E12+ (Table 2) , did not react with MAb 3D9 after in vitro passage.
A more stringent method for examining LOS antigenic variation involved the screening of large numbers (500 to 1,200) of individual colonies for their reactivities with the four MAbs. NTHI strains representing five different LOS antigenic groups (Table 4) were grown in BHIs broth, diluted, and plated on BHIs agar plates. The resultant colonies were probed with the four MAbs in the colony blot RIA. All five strains analyzed in this manner exhibited LOS antigenic variation at frequencies ranging from 1 to 24% (Table 4) . Both loss and acquisition of MAb reactivity occurred among these strains. For example, 12% of the colonies of stain BF101 (4C4+ 3D9-12D9-17E12-) did not bind MAb 4C4, whereas 9% of the colonies of this strain exhibited reactivity with MAb 3D9. Similarly, approximately 8 to 9% of the colonies of strain LA300 (4C4+ 3D9-12D9--17E12+) lost reactivity with MAb 4C4 or 17E12, whereas 3 to 4% of these colonies bound MAb 3D9 or 12D9. LOS antigenic variation was detected regardless of the growth phase of the broth culture (data not shown).
SDS-PAGGE analysis of LOS antigenic variants. Several LOS antigenic variants of each strain described above were purified by repeated single colony isolation. Proteinase Kderived LOS preparations from these antigenic variants and their respective parental strains were resolved by SDS-PAGGE and stained with silver (Fig. 6) . These experiments determined that LOS antigenic variation was often accompanied by alterations in the SDS-PAGGE profile of the LOS molecule. For example, all of the LOS antigenic variants of strain OC201 had LOS molecules which yielded SDS-PAGGE profiles different from that of the original parental strain (compare lane Al with lanes A2 through A4 in Fig. 6 ). In addition, two LOS antigenic variants with the same phenotype could have LOS molecules with different SDS-PAGGE profiles (compares lanes A2 and A3 in Fig. 6 ). In contrast, some LOS antigenic variants of a given strain, as exemplified by strain BF101, did not have altered SDS-PAGGE profiles relative to the LOS of the original parental strain (compare lane Cl with lanes C2 and C3 in Fig. 6 ).
DISCUSSION
NTHI is an important concern in clinical medicine because of the increased frequency of isolation of this organism from both pediatric and adult patients (5, 9, 14, 26, 30, 32, 37, 39, 45, 47, (52) (53) (54) . Although this relatively recent development may be due more to increased awareness and recognition of NTHI as an important pathogen than to an actual increase in infections caused by this organism (37, 39) , the fact remains that this subset of H. influenzae organisms can cause disease in both the upper and lower respiratory tract as well as invasive infections. Although these organisms have in common the fact that they lack capsules detectable with antisera to the polysaccharide capsules of H. influenzae serotypes a to f, recent genetic evidence involving studies of enzyme polymorphism indicates that each NTHI strain has essentially unique metabolic enzyme characteristics, suggesting considerable genetic divergence among these strains (40) .
The ability to subtype NTHI strains is a prerequisite for studying the epidemiology of NTHI carriage and disease and holds potential advantages for studies of both NTHI virulence mechanisms and immune response to this organism.
However, perhaps because of the aforementioned variation in NTHI chromosomally encoded phenotypic markers, subtyping of NTHI strains has proven to be a fairly complex VOL. 55, 1987 on August 27, 2017 by guest http://iai.asm.org/ Downloaded from cently these workers devised a serological system for subtyping NTHI strains based on the use of polyclonal rabbit sera to NTHI outer membrane proteins (33) . It should be noted that even in this latter situation there was evidence of antigenic heterogeneity among the outer membrane proteins of strains in a given serogroup in their scheme (33) , although more recently these authors have identified an outer membrane protein which possesses a surface epitope common to all NTHI strains (34, 36) .
The fact that Hib strains can be subtyped according to their LOS antigenic characteristics (16) prompted us to examine the antigenic characteristics of NTHI LOS. The primary goal of this study was to provide a data base for use in subsequent studies of the pathogenesis and epidemiology of diseases involving NTHI. Most previous investigations of the antigens of NTHI have concentrated primarily on functional studies involving the detection of bactericidal and opsonizing antibodies to this pathogen (3, 13, 25, 38, 46) . In some of these early studies, lack of appropriate technology precluded the characterization of the specificities of these antibodies. More recently, two different groups have reported that antibodies to NTHI outer membrane proteins, rather than LOS, appear to be primarily responsible for the bactericidal or protective activities present in sera obtained from humans convalescing from NTHI disease or from animals immunized with whole cells of this organism (3, 13, 25) . In contrast, antibody to NTHI LOS did not appear to be involved in these situations, because absorption of these sera with purified NTHI LOS did not remove these bactericidal or protective activities. Alternatively, the lack of bactericidal or protective activity involving LOS-directed antibody in these studies could be due to a poor immune response to this amphipathic molecule. In Information concerning the biochemistry and antigenic characteristics of NTHI LOS is still somewhat limited. Inzana (22) reported that the SDS-PAGE profiles of NTHI LOS were not grossly dissimilar from those of Hib LOS, whereas Apicella et al. (2) reported that approximately half of NTHI strains possess LOS with a lipid A moiety reactive with a single MAb. More recently, Campagnari et al. (6) reported that a considerable degree of antigenic diversity was present among the LOS molecules of NTHI strains. The results of these workers, obtained with polyclonal rabbit antisera, are confirmed by our MAb-based studies and reinforce the antigenic complexity of NTHI LOS. The diversity of LOS phenotypes detected in both the previous study (6) and the present study indicate that subtyping of NTHI strains by LOS antigenic phenotype is possible. A LOS-based subtyping system for NTHI has potential for application in epidemiological studies, although the spontaneous LOS antigenic variation detected in the present study may restrict somewhat the usefulness of such a subtyping scheme in field studies, as discussed below. Nonetheless, the ability to subtype accurately NTHI strains by LOS antigenic type will permit differentiation of strains by LOS phenotype and also should facilitate subsequent biochemical analysis of NTHI LOS structure.
It is also of interest to note that there exists considerable sharing or cross-reactivity of LOS oligosaccharide epitopes between NTHI and Hib strains. This finding complements the work of Apicella and colleagues, who reported that an MAb to H. influenzae lipid A reacted with approximately equal numbers of Hib and NTHI strains (2) . These data concerning shared or common determinants in both the oligosaccharide and lipid A regions of NTHI and Hib LOS reaffirm the fact that these two different subsets of H. influenzae are probably derived from a common progenitor strain (40) .
The MAbs used in this study were initially identified and selected on the basis of their reactivity with surface-exposed epitopes in H. influenzae LOS. Therefore, it was somewhat surprising to find that in some NTHI strains, which react with these same MAbs in antigen detection systems not restricted to reactivity with surface antigens (i.e., colony blot RIA, Western blot analysis), these LOS epitopes were not accessible to antibody in their native state in whole NTHI cells (Table 3 ). In contrast, our previous studies of surface-exposed epitopes of Hib outer membrane proteins revealed that a given epitope which is surface exposed on one Hib strain is also surface exposed on all other strains carrying this epitope (27) . The basis for this lack of antibody accessibility for certain LOS epitopes in these particular strains of NTHI is not known, but might possibly involve the interaction of the LOS molecule with outer membrane proteins or other surface structures (33) . Alternatively, it has been shown that Hib strains phenotypically lose their ability to bind LOS-directed polyclonal antibody to their surface after incubation in serum (1, 23) . Therefore, it is conceivable that these particular NTHI strains are constitutively expressing this unusual phenotype, which reduces or eliminates the binding of antibody to surface-exposed LOS determinants. Studies involving this and other possible explanations for this phenomenon are currently in progress and will hopefully permit elucidation of the cause of this interesting variation among NTHI strains in the surface exposure of their LOS epitopes.
This finding of variable surface exposure of NTHI LOS epitopes is potentially important with regard to the interaction between NTHI and the immune defense system of the host. Antibody to a given LOS epitope which is exposed on the surface of one NTHI strain may not be able to bind to another strain which possesses the same LOS epitope but in a location which is inaccessible to antibody. Such variation could prevent LOS-directed antibodies from exerting any type of protective effect against many NTHI strains. The instability of expression of LOS epitopes that was observed in vitro in this study is similar to that recently found with certain epitopes of Hib LOS (29) . The molecular basis for this phenomenon is unknown, but the fact that all five randomly chosen NTHI strains exhibited LOS antigenic variation suggests that most if not all strains of this organism may undergo this type of antigenic variation, at least in vitro. This finding suggests that it may be difficult to utilize confidently NTHI LOS antigenic characteristics as phenotypic strain markers in epidemiologic studies of NTHI disease or carriage. Similarly, the fact that NTHI LOS antigenic variation is often accompanied by changes in the SDS-PAGGE profile of the LOS (Fig. 6 ) may preclude the use of these SDS-PAGGE profiles in epidemiologic studies of NTHI disease. Which antigenic phenotype of LOS is expressed in vivo by a given NTHI strain cannot be determined from the available data, although certain LOS phenotypes may confer a selective advantage on Hib strains in vivo (28) . The availability of LOS antigenic variants of a given NTHI strain now presents the opportunity for evaluating the effect(s) of changes in LOS phenotype on the survival of NTHI in vivo with appropriate animal models (3, 25, 48) . Future studies should indicate whether specific NTHI LOS phenotypes are important in vivo and whether the NTHI LOS phenotype affects the expression of virulence by this pathogen.
